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The herbicide alachlor^ is one of„ themost,,used ...pes t ic ides
in the world.
B2

or

It has been classified by the EPA as a class

"probable human"

carcinogen.

in the environment results

Its biotic degradation

in a variety of aromatic amine

compounds that are groundwat.er__.and, surface.water
contaminants.

Degradation products

include:

2 7 , 6 7-diethyl-N-methoxymethylacetanilide;
diethylacetanilide;
aniline;

2-chloro-27 , 6 7 -

2,6-diethylacetanilide;

2,6-diethyl-

2,6-diethyl-N-methoxymethylaniline;

2',6'-diethylacetanilide;
acetanilide.

2-hydroxy-

2-hydroxy-

and 2,6-diethyl-N-methoxymethyl¬

The toxicological profile of these compounds

has not been established.
Two short-term screening tests,
assay and the micronucleus test,

the Salmonella./microsome

were employed to evaluate

the chronic toxicity potential of environmental degradation
products of alachlor.

2-Chloro-26'-diethylacetanilide and

2-hydroxy-2 7,6'-diethylacetanilide were weakly mutagenic to

Salmonella strain TA100,

with reversion rates of 35.0

32.5 His+ revertants//xmole,

respectively.

v

and

Reversion was

bioactivation-dependant on preincubation with phenobarbitolinduced microsomes.

Glutathione S-tranferase-dependant

conjugation of 2-hydroxy-2',6'-diethylacetanilide resulted
in decreased mutagenicity of this compound.
molecular structural

This result and

similarities suggest that

2-chloro-

27,6'-diethylacetanilide and 2-hydroxy-2', 6'-diethylacetanilide act as toxic electrophiles that bind directly to
DNA/RNA.

A putative mammalian metabolite of 2,6-diethyl-

aniline,

2,6-diethylnitrosobenzene,

was strongly mutagenic

(1915 to 2688 TA100 His+ revertants/umole),
microsomal activating enzyme system.

even without the

A micronucleus test

was performed on 2-chloro-2',6'-diethylacetanilide,
hydroxy-2',6'-diethylacetanilide,
benzene,

and alachlor.

clastogens
ug/g).

2,6-diethylnitroso-

None of these compounds acted as

in this test,

This datum,

2-

even at near-lethal doses

(ca 500

together with the Salmonella data,

indicates that the genotoxicity of these compounds occurs
through DNA point mutations alone and not through gross
structural damage at the chromosome level.
2-Hydroxy-2',6'-diethyl-N-methoxymethylacetanilide crossreacts

(ca.,

40%)

with commercially available alachlor

immunoassay tests kits.

This may account

for positive bias

of residue levels measured by these kits versus gas
chromatographic analysis.

None of the mutagenic degradative

products cross-reacted with three commercially available
alachlor immunoassay tests kits.
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CHAPTER 1

INTRODUCTION

1.1

Introductory Perspective.

Among the modern synthetic

pesticides are a group of chemicals characterized by
relatively low environmental persistence,
selectivity toward pest organisms.
organophosphate,
insecticides,
herbicides,

high efficacy,

and

These are represented by

carbamate and synthetic pyrethroid

chloroacetanilide and chlorophenoxy

and a heterogeneous group of compounds used as

fungicides and rodenticides.

The popularity of these

compounds evolved in response to the environmental
ramifications of earlier pesticides and their use patterns,
notably from the chlorinated hydrocarbons..,.su_ch as DDT,
endrin,

aldrin,

chlordane,

environmental persistence,
tion,

and broad-spectrum,

etc.

The problems of

bioaccumulation,

biomagnifica¬

non-target toxicity were amply

documented in Rachel Carson's Silent Spring
These more advanced compounds,

(1962).

while eliminating many of

the problems associated with the chlorinated hydrocarbons,
are not without problems of their own.
range of non-target toxicity,

They show a wide

with some being more toxic

than the organochlorines by orders of magnitude.
example,

the acute oral LD50s

For

for the organophosphorous

insecticides azinphosmethyl and parathion are 13 mg/kg,
while the LD50s

for DDT and kelthane,

1

a DDT analog,

are

113

and 1100 mg/kg,

respectively.

measure of toxicity.
required to kill

(Note:

The LD50

is a standard

It denotes the amount of toxin

50% of a test population of animals.)

The

greatly enhanced acute toxicities associated with these and
similar pesticides
increases

initially resulted in significant

in poisoning incidents among applicators

unaccustomed to handling these more potent toxins
1980).
the

(Murphy

Because of their lower environmental persistence,

frequency of application must be correspondingly

increased.
processes,

This,

coupled with more complex manufacturing

has made costs associated with pest control

significantly higher.
The primary advantages of these pesticides are their
effectiveness and their lability,

or ability to degrade

in

the environment through biotic and abiotic processes.
Significant among these processes are microbial metabolism,
photolytic degradation,
reductions.

and chemical oxidations and

The ability of a pesticide to control pest

organisms and then degrade to innocuous products describes
an ideal

situation for pest control.

The process of

mineralization describes the complete breakdown of a
molecule to C02,

H20,

and depending on molecular structure,

simple nitrogen,

phosphorous,

or halogen molecules.

pesticide molecule that has mineralized has
potential,

and so would be of

A

lost all toxic

little concern to non-target

organisms and the environment.

2

The reality for most pesticides

is that the degradative

process stops far short of mineralization.
are readily removed,

but aromatic,

Labile moieties

long-chained alkyl

and

halogen-containing constituents tend to be more recalcitrant
to further breakdown under environmental conditions,
terminal residues to accumulate.
degradative products
significant

These metabolic and/or

in themselves may be toxic.

Even more

is the formation of terminal residues that are

more polar than the parent compound,
the environment.
aldicarb,

leaving

One example

and thus more mobile in

is the carbamate

insecticide,

which is oxidized in soils to aldicarb sulfoxide

and further to aldicarb sulfone.
highly toxic

(the LD50S are

These compounds are still

0.49-1.13 mg/kg for the

sulfoxide and 20-25 mg/kg for the sulfone).

Additionally,

these residues are typically detected in groundwater along
with the parent compound.

In agricultural areas,

this

groundwater is commonly a source of drinking water.

same

A

chronic human exposure situation can therefore result.
Groundwater contamination by terminal residues may be as
significant as that by the parent compounds themselves.

This

is an issue that has received relatively little attention.
This research addresses the toxicological

import of the

environmental degradation of the herbicide alachlor.
Herbicides as a group account
worldwide

(Stevens 1991),

for 65% of all pesticide use

and alachlor itself

among the most used pesticides
States,

it

in the world.

is the most used of all pesticides.

3

is counted
In the United
Annual

production is on the order of 130 to 150 million pounds,
with use in the United States alone approaching 95 million
pounds

(EPA 1987,

Sun 1986).

1.2 Classification and Environmental Degradation.
Alachlor

(2-chloro-2',6'-diethyl-N-methoxymethyl-

acetanilide,

Fig 1.)

is a selective pre-emergent herbicide

used for annual grass and broadleaf weed control on soybean,
corn,

peanut,

and other crops.

It is a member of the

chloroacetanilide family of herbicides that includes
butachlor,

propachlor,

metolachlor,

and acetochlor.

Alachlor is moderately soluble in water
is therefore mobile in the environment.

(240 mg/L),

and

It has been

detected in groundwater and surface waters in at least 16
states,

generally at low part-per-billion

(Cohen 1986,

Parsons 1989).

(ppb)

levels

The environmental degradation

of alachlor results in a variety of aromatic amine and
acetanilide compounds

(Fig 2.,

Aizawa 1982,

Tiedje 1975)

These degradative pathways are primarily microbial,
since mineralization does not occur
products can be terminal residues.
in soil,

Potter 1993).

the

All have been detected

groundwater and surface waters

Pereira 1990,
however,

(Novick 1986),

and

(Novick 1986,

There is a paucity of data,

when compared to the incidence of alachlor itself

in the same environmental compartments.

Most research on

the environmental degradation of alachlor has focused on
isolating the microorganisms responsible for its metabolism

4

Figure

1.

The

chloroacetanilide herbicide alachlor.
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Chemical Name:
2-chloro-2',6'-diethyl-N-methoxymethylacetanilide
C.A.

Reg.

No.:

[15972-60-8]

Formula:

C14H20C1N02

M.W. :

269.8

M.P. :

39.5-41.5 °C

B.P. :

100 °C /

V.P. :

2.9 mPa

H2O solubility:

240 mg/L

Log Koc:

434

LD50 :

930 mg/kg

Uses :

Selective pre-emergent and early post-

0.02 mm Hg
(25 °C)

(rat,

oral)

emergent herbicide used at
Registered Crops:

beans,

corn,

soybeans,

cotton,

sunflowers.

1.7-4.5 kg/ha.

peanuts,

peas,

Figure 2. Environmental degradation of alachlor.
I, alachlor; II, 2-hydroxy-26'-diethyl-N-methoxymethylacetanilide; III, 2,6-diethyl-N-methoxymethylacetanilide;
IV, 2,6-diethylacetanilide; V, 2,6-diethyl-N-methoxymethylaniline; VI, 2-chloro-2',6'-diethylacetanilide; VII, 2hydroxy-2',6'-diethylacetanilide; VIII, 2,6-diethylaniline.

7

CH2OCH3

ch2och3

8

or the identification of the particular products that are
formed.

The relative incidence,

stability and movement of

these products in the environment has not been extensively
addressed.

Their toxicological profiles are also

incomplete.
It is generally accepted that degradation eventually
terminates at 2,6-diethylaniline

(Aizawa 1982).

This

compound has been proven to result from the metabolic
degradation of alachlor by soil fungi
aquatic insect larvae

(Wei 1992).

have described further metabolism,

(Tiedje 1975)

Kimmel et al. ,

and

(1986)

in mammalian systems,

2,6-diethylanailine to 2,6-diethylnitrosobenzene

(Fig 3.).

Figure 3.
Mammalian activation of 2,6-diethylaniline
(VIII).
IX, 2,6-diethylhydroxylamine; X, 2,6-diethyl¬
nitrosobenzene .

9

of

This and the proposed intermediate,

2,6-diethylhydroxyl-

amine,

are potent mutagens in the Salmonella/microsome assay

(i.e.,

the "Ames'

test").

1.3 Toxicological Profile.

Alachlor has a relatively low

acute oral toxicity in mammals

(LD5q=930 mg/kg,

rat).

Research on the chronic health effects of alachlor on humans
is very limited,

but long-term toxicity studies on animals

prompted the Environmental Protection Agency

(EPA)

classify alachlor as a "class B2 carcinogen."
health risks posed by environmental pollutants,

to

In assessing
the EPA

categorizes each according to the weighted evidence of human
epidemiology and animal experimentation
this scheme,

(EPA 198 6) .

Under

"class A" refers to compounds that show

sufficient human and animal evidence of carcinogenicity.
"Class E" compounds show no evidence of carcinogenesis in
humans or animals.

A "class B2," or "probable human

carcinogen" causes carcinogenesis in different test animal
species and in different organ systems,

but human

epidemiological data or evidence is lacking.
The significant chronic effects demonstrated for alachlor
are carcinogenesis,
1987).
stomach,

hepatotoxicity,

and ocular lesions

In long-term feeding studies,
thyroid and nasal tumors.

lung bronchiolar tumors.

(EPA

rats developed

Female mice developed

Hepatotoxicity was observed in

both male and female dogs as a result of a six-month feeding
study.

Irreversible ocular lesions developed in rats.

10

The evidence of alachlor's mobility in the environment,
coupled with its oncogenicity,
in Canada in 1985
other countries,

led to its outright banning

(Hoberg 1990).
however,

In the United States and

alachlor is used in enormous

quantities as a "restricted-use pesticide."
action,

In view of this

a better understanding of the toxicological

implications of its environmental degradation is warranted.
Given the detection of alachlor and its degradation products
in groundwater,

the primary concern for humans should be of

chronic exposure from drinking water.
true in agricultural areas,

This is particularly

since private wells rather than

public supplies are usually a source of potable water.
Toxicological data on each of the identified degradation
products will add to the body of evidence used to assess the
risks posed by the continued use of this herbicide.

1.4 Short-Term Screening Tests.

There are simply too

many chemicals that are of concern regarding human exposure
to conduct long-term animal testing on every one.

A variety

of short-term screening tests exist that will demonstrate
whether or not a chemical should be the focus of more
involved testing procedures.

One such test that has proven

to be very useful is the Salmonella/microsome assay.

This

microbiological test for chemical mutagenicity is sensitive,
reproducible,

fast,

and inexpensive to conduct

(Ames 1973).

A heritable change in cell regulation is characteristic
of cancer cells.

This and other evidence strongly impli-
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cates a mutational event as mandatory for carcinogenesis
(Ramel

1978) .

Thus,

although carcinogenic potential may be

the ultimate concern of toxicological testing,

mutation is a

suitable endpoint

The

for this testing procedure.

Salmonella/microsome assay uses mutant,
(His-)

Salmonella typhimurium.

strains of the bacterium

Various

histidine-requiring

strains exhibit a number of different mutations

in

the histidine biosynthesis operon of the wild-type strain.
Chemical mutagens can revert

(i.e.,

bacteria to wild-type prototrophy

back-mutate)

(His+).

the

In addition,

they

have other mutations resulting in a deficient DNA repair
system and partial
These

loss of the lipopolysaccharide barrier.

selective alterations

increase the sensitivity of the

bacteria to the action of mutagens.
is a measure of mutagenicity,

The rate of reversion

and is proportional to dose up

to the point where acute toxic responses are shown.

Since

bacteria do not exhibit the same biotransformation abilities
as mammals,
mutagens.

the His-

Recognizing that many compounds require

biotransformation
mutagenicity,
fractions)

strains will only detect direct-acting

(activation)

before exhibiting

mammalian liver homogenates

(i.e.,

microsomal

are added to incorporate a measure of xenobiotic

metabolism into the test.

In this research,

phenobarbitol-

induced mammalian hepatic enzymes were used in the

Salmonella assay.

These consisted primarily of cytochrome

P450"based polysubstrate monooxygenases

12

(PSMOs)

capable of

the N-oxidation reactions presumed to be
bioactivation of

The
useful

indication of

the

living things,

organisms.

a means

involved testing was
genotoxic

interest
(i.e.,
caution

metabolic
consist

between genotoxins

systems,

effects.

test

is

data

exercise

of

to

Microsomal

multicellular organisms
bacteria.

Positive

Obviously,

Soluble

class,

fraction.

the

and elimination

results

the

limited

fractions

the monooxygenase

on genotoxicity of

are

test

enzymes

and other xenobiotic

from the microsomal

distribution,

extreme

supplement

the most

compound are not measured.

the primary

fraction normally

not

absorption,

assay

that more

from prokaryotic

metabolizing enzymes

effects

so

the

focused on mammalian

one must

attempt

non-membrane-bound),

their potential

that

Because

primarily of membrane-bound PSMOs.

absent

for all

screening compounds

activity of bacteria.

part

DNA

only on those most likely to

done

the

commonalty of

however,

The mammalian microsomal
into

compound to

similar

in mind,

in any extrapolation of

incorporated

(i.e.,

of

test

reactions

in genotoxicity testing

organisms.

a

Given the

or oncogenic

eukaryotic)

Salmonella assay is a

expected to be

It must be kept

designed as

exhibit

chemical

for

degradation products.

ability of

with genetic material.

and DNA would also be

was

its

information provided by the

interact
in all

alachlor and

responsible

13

As

for

such,

a particular
toxicokinetics
in large,

also vastly different
from the

are

from

Salmonella/microsome

of

assay thus indicate that the compound in question may
interact with mammalian genetic material if it reaches
mammalian DNA in
system.

the same form as in

the bacterial

test

Positive Salmonella assay results therefore warrant

further testing for genotoxicity.

The micronucleus test
clastogenicity.

(MNT)

is a short-term test for

Whereas mutagens cause localized

alterations or "point mutations"

in the DNA molecule,

clastogens are characterized as those agents causing gross
structural damage to the chromosome or to the mitotic
spindle structure.

The MNT uses formation of micronuclei in

mammalian stem cells or erythrocytes as a toxicological
endpoint.

Clastogens cause the formation of micronuclei

through two mechanisms:

1.)

by chemical interactions that

cause portions of chromosomes to break off,

and 2.)

by

chemical interactions that inhibit or interfere with the
proper formation of the mitotic spindle.

In both cases the

result is that portions or whole chromosomes do not separate
properly during mitosis,

and are not included in the newly

formed daughter nuclei.

Through a process that is not well

understood,

fragments of chromosome not included in the

daughter nuclei become enveloped in their own pseudonuclear
membrane.

These bodies are called micronuclei.

procedural format of the MNT,

In one

mice are injected

intraperitoneally with test compound.

At timed intervals

stained blood samples are examined microscopically for the

14

formation of micronuclei in reticulocytes
blood cells).

(i.e.,

maturing

Although blood cells expel their nuclei

during the maturation process,
certain percentage

the micronuclei remain.

(approximately 0.1%)

A

of reticulocytes

exhibit spontaneous micronuclei formation.

Clastogens cause

a higher frequency of micronuclei to form above this
background level,

and this enhanced formation is propor¬

tional to the administered dose.

Large-scale,

long-term animal toxicity testing requires

an enormous commitment of time and resources.

To test all

of the thousands of environmental pollutants that are of
concern regarding human exposure is logistically impossible.
Cancer arguably ranks as the most serious and most feared
result of long-term exposure to a toxic chemical.
between carcinogenesis and genotoxicity
clastogenesis)

is well established

(e.g.,

(Ramel 1978,

The link

mutagenesis,
Ames 1973).

Since genotoxic endpoints are accessible in many in vitro
and in vivo tests,

short-term genotoxicity screening tests

provide a reliable means of focusing attention on only those
compounds that show toxic potential.
Genotoxicity is manifested through different types of
genetic alteration; mutagenesis,
aneuploidization

(i.e.,

clastogenesis,

or

aberrant chromosome numbers.)

Genotoxicity testing should therefore reflect these
differences by encompassing each mechanism.

The Salmonella/

microsome assay determines the ability of a chemical to
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interact with DNA in a site-specific manner.

The

micronucleus test identifies the ability of that chemical to
also cause gross structural changes to entire chromosomes.
Therefore,

as a general scheme for initial testing,

these

two tests provide a reliable primary approach for assessing
the genotoxic potential of environmental pollutants

(Ramel

1978) .

1.5 Environmental Monitoring.
by an environmental pollutant,

To evaluate any risk posed

its toxicological profile

must be coupled to an understanding of its environmental
fate.

Data indicating the presence and movement of

pollutants in soil,

groundwater and surface waters are

therefore necessary.
At the present time immunochemical technology
immunoassay)

(i.e.,

is being used for sensitive and cost-effective

screening of environmental samples for the presence of
alachlor

(Feng 1990).

This technology utilizes

immunoglobulin protein molecules called antibodies that
react in a specific manner with analytes of interest.

An

important step in immunoassay development is determining
antibody cross-reactivity for structurally related
compounds.

In the case of pesticide immunoassays,

this

would include metabolites and other compounds in the same
chemical class.

Commercially available immunoassays for the

detection of alachlor show no cross-reactivity to the other
chloroacetanilide herbicides acetochlor,
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butachlor,

and

metolachlor,

nor to triazine herbicides.

cross-reactivity to the sodium oxanilate,
acid,

There is also no
sulfinyl acetic

and sulfonic acid soil metabolites of alachlor.

However,

the mercapturate and methyl sulfide soil

metabolites of alachlor cross-react by 48% and 73%,
respectively

(Agri-Diagnostics 1991. Note:

Cross¬

reactivities are determined as the ratio of responses,
molar equivalents,

of the target analyte and the cross¬

reactive compound,

expressed as percent).

of

When residue

levels of alachlor detected by both immunoassay and gas
chromatography are compared,

results tend to be positively

biased towards the immunoassay value
Feng 1990).

(Agri-Diagnostics 1991,

This may indicate cross-reactivity with other

compounds or with metabolites of alachlor itself.

The

degradative products of alachlor under discussion here have
been detected in the environment by traditional
chromatographic procedures.

They have not,

however,

been

evaluated for cross-reactivity to any of the several
commercially available immunoassay kits for the detection of
alachlor.

For this reason,

three commercial kits were

tested for cross-reactivity to the mutagenic or promutagenic
degradative products of alachlor.
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CHAPTER 2

LITERATURE REVIEW

2.1 Herbicidal Action.

Alachlor belongs to the group of

2-chloroacetanilide herbicides that include acetochlor,
metolachlor,

propachlor,

and butachlor,

among others.

The

herbicidal property of 2-chloro-2', 6'-diethyl(N-methoxymethyl)acetanilide

(i.e.

alachlor)

1966 by Husted and co-workers.

was first described in

In 1969,

Evans expanded on

the biological activity of alachlor against broadleaf weeds
and annual grasses.

Alachlor was found to be twice as

active as a related analog,

propachlor,

and was registered

for herbicide use in the United States in 1969.
The chloroacetanilides are selective preemergent and
early postemergent herbicides whose exact mechanism of
action has yet to be elucidated.

It is known to be absorbed

by the germinating shoots and distributed in the vegetative
(as opposed to reproductive)
1987).

parts of the plant

(Worthing

The primary effects displayed in susceptible species

are inhibition of cell division and cell enlargement,
manifested by overall growth inhibition
Wilkinson 1982,

Deal 1980).

(Fedtke 1991,

Total cellular fatty acid

compositions have recently been shown to be altered by
chloroacetanilide compounds

(Weisshaar 1991) .

This

inhibition of lipid biosynthesis results in impaired
membrane formation,

which in turn inhibits cell division.
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In addition,

acetate uptake and labelling of chromatin,

factor in gene activation,
chloracetanilides

also are effected by

(Weisshaar 1991).

research articles,

Sharp

a

(1988)

In reviewing several

determined coenzyme A to be

the common factor in biosynthetic pathways effected by
alachlor.

In one instance,

the coenzyme A-dependant

accumulation of lignin and the pigment,
inhibited by alachlor.

anthocyanin,

is

A reduction in lipid catabolism that

results in germination failure has also been linked to
coenzyme A.

This enzyme is therefore implicated as one

target of action.
Detoxification of chloroacetanilides in plants is
primarily by glutathione-dependant conjugation,
water soluble products that are excreted
The selectivity of these herbicides
broad-leafed weeds)

(Jablonkai 1991).

(primarily against

is attributed to differential rates of

metabolism between susceptible
species

producing

(Jablonkai 1991,

(weed)

and resistant

(crop)

Weisshaar 1988).

2.2 Environmental Fate .

The en vir onmeiita 1 fate of

alachlor may be approached from several lines of inquiry:
1.)

persistence of the parent compound in^the treatment

zone;

2.)

movement of the parent compound from the treatment

zone to other environmental compartments
surface water);
compound;

4.)

3.)

(e.g.,

groundwater,

degradation pathways of the parent

movement and persistence of degradation

products ...
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Dissipation of alachlor in soil follows first-order
kinetics with a half life of 5 to 55 days that is dependant
on soil type,
(Negie 1992,

moisture,

temperature,

Beestman 1974).

and formulation type

Hayden

(1980)

found that soil

residues of alachlor were reduced to <2% to 8% of the
original amount applied,
months,

depending on soil type,

after 12

but they did not analyze for degradation products.

Alachlor has been shown to be a groundwater contaminant.
The U.S.

Geological Survey Testing Program found residues

above 0.2 /zg/L
examined

(ppb)

in 3% of 850 public water supplies

(Natarajan 1993).

Residue levels ranging from 0.1

to 10 /zg/L were found in Maryland,
Nebraska

(Cohen 1986).

Massachusetts

Iowa and

Similar levels were also reported in

(IPMP 1985) .

determined in Ohio

Pennsylvania,

Levels as high as 65 /zg/L were

(Richards 1993),

and were attributed to

runoff events after periods of precipitation.
Microbial metabolism is the primary means of degradation.
A variety of soil fungi have been described that transform
alachlor to more polar products
(Diptera)

(Tiedje 1975).

larvae also metabolize alachlor,

Chironomid

forming 2,6-

diethylaniline and 2,6-diethyl-N-methylacetanilide
1992).

(Wei

The degradative pathway for alachlor occurs

primarily at the N-methoxymethyl-2-chloroacetamide moiety
(Fig.

2).

Degradation products include:

diethyl-N-methoxymethylacetanilide
methoxymethy1aniline

(III);

(II);

2-hydroxy-2', 6' 2,6-diethyl-N-

2,6-diethylacetanilide
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(IV);

2,6-diethyl-N-methoxymethylacetanilide
diethylacetanilide
(VII);
1975).

(VI);

(V);

2-chloro-2',6'-

2-hydroxy-2',6'-diethylacetanilide

and 2,6-diethylaniline

(VIII)

(Aizawa 1982,

Tiedje

Ring closures with either ortho-substituted ethyl

group also occurs,

resulting in indole ring formation

(Tiedje 1975) .
Alachlor has been shown not to mineralize in soils
(Novick 1986),

indicating that relatively polar degradation

products persist for an extended period.

These polar

products may be mobile in the environment,

either as soil-

bound residues during wind or water erosion,
residues in surface and groundwaters.

or as soluble

The environmental and

toxicological ramifications of these scenarios have yet to
be addressed.

Immunoassay technology allows rapid,

sensitive,

and

inexpensive screening of large numbers of ground and surface
water samples for pesticides

(Jung 1989).

Presumably the

commercial availability of this technology directed at
alachlor will result in an increase in its environmental
fate database.

However,

immunoassays for alachlor

degradation products have yet to be developed,

and existing

alachlor immunoassays have not been tested for cross¬
reactivity to the degradative products discussed here.
Cross-reactivity would result in false positives or
overestimates of parent residue levels.
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This raises the

question of whether current alachlor data gathered by
immunoassays is affected by various degradative products.

2.3 Non-Target Toxicity.

Chronic toxicity feeding

studies on alachlor resulted in its classification as a B2
carcinogen

(EPA 1987).

A dose-response relationship was

evident in the development of nasal turbinate tumors in male
and female rats fed alachlor at a rate of 42 and 126
mg/kg/day for one year.

Malignant stomach tumors developed

in the high dose group for both sexes,
occurred in males at the high dose.
developed in these same studies,
significant,

and thyroid tumors

Brain tumors that

while not statistically

were tentatively attributed to alachlor because

of their rarity in the rat strain used

(i.e.,

Long-Evans).

Female CD-I mice fed alachlor developed lung bronchiolar
tumors at the highest dose tested,

260 mg/kg/day.

The other

primary effect of chronic toxicity is hepatotoxicity as
reported in dogs tested at 5 to 75 mg/kg/day.
was dose-dependant.

This response

Cytogenic effects have been reported in

human lymphocyte cultures and rat bone-marrow cells in vivo
(Georgian 1983),
assays

and gave a weak response in DNA repair

(Monsanto 1985).

No other mutagenic,

teratogenic,

or

fetotoxic effects have been reported for alachlor.
The main body of evidence regarding the metabolism of
alachlor in mammalian systems comes from in vitro studies
describing glutathione conjugation and cytochrome P450-based
oxidation with subsequent glucuronidation,
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resulting in the

formation of mercapturates,
1989,

1988).

sulfoxides,

and sulfones

(Feng

Concentrations and distribution of these

products was found to differ in rats,
(Sharp 1988).

However,

Brown

(1988)

mice,

and primates

and co-workers found

that alachlor caused DNA adduct formation in both in vivo
and in vitro systems.

They proposed that formaldehyde,

liberated from the metabolically hydroxylated N-methoxymethyl moiety,

and the 2-chloro-2',6'-diethylacetanilide

metabolite of alachlor were both responsible for DNA adduct
formation.

The liberation of formaldehyde from alachlor in

a mouse liver monooxygenase system has been confirmed
(Jacobsen 1991).

Since formaldehyde is a known carcinogen,

this metabolite could have some role in the carcinogenicity
of alachlor.
Another proposed metabolic path for alachlor is reduction
around the nitrogen moiety to 2,6-diethylaniline,
by Kimmel and coworkers
system.

Sharp

(1988)

(1986)

as shown

in both in vivo and in vitro

also reports the presence of this

metabolite in primate urine samples after exposure to
alachlor.

Kimmel describes further oxidation of this

compound to 2,6-diethy1-N-hydroxyaniline and then to the
potent,

direct-acting mutagen,

2,6-diethylnitrosobenzene.

This finding has been disputed by Wratten
(1987),

(1987)

and Feng

who claim that physiological N-oxidation of

diethylaniline does not occur.
hypochlorous acid,

however,

Physiological levels of

can react with anilines to form

products that cause breakage and binding of DNA
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(Kozumbo

1992).

Diethylaniline and 2-chloro-2',6'-diethylacetanilide

are particularly significant as putative genotoxins because
they both are environmental degradation products and
mammalian metabolites.
It

is

interesting to note that although the mammalian

toxicity of alachlor is 1000
highly toxic

insecticide,

times

less than that of the

aldicarb,

the toxicity of the two

compounds to fish is of the same order of magnitude
for rainbow trout,
aldicarb are 1.8
1987).

the

96 hour LC50S

and 0.6-0.9 mg/L,

(i.e.,

for alachlor and

respectively,

Worthing,

This serves to illustrate the need for caution in

extrapolating toxicity data from one species to the next,
particularly in the context of non-target toxicity.
The literature on non-mammalian,

non-target toxicity of

alachlor extends to its effects on soil microbial popula¬
tions.

Work has

focused on this area only recently,

as

attention has turned to the potential of microbial
bioremediation in hazardous

spill cleanup.

The response of

soil microorganisms to varying levels and mixtures of
agrochemicals ultimately determines the ability of the soil
to recover from that chemical exposure.
use patterns

Normal agricultural

for alachlor do not appear to effect bacterial

or fungal populations.

Higher concentrations that are

associated with spills,

disposal,

or equipment

temporarily inhibit bacterial populations,
fungal populations

(Dzantor 1991).

flushing

but destroy

A corresponding decrease

in soil microorganism dehydrogenase and esterase activities
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was reported in the same work.

Alachlor also inhibits

nitrogenase activity in nitrogen-fixing diazatrophs
(Salmeron 1991).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Chemicals and Reagents.
methoxymethylacetanilide
acetanilide

(III),

(VI),

(II),

2,6-diethyl-N-methoxymethyl-

2,6-diethylacetanilide

N-methoxymethylaniline
acetanilide

2-Hydroxy-26'-diethyl-N-

(V),

(IV),

2,6-diethyl-

2-chloro-2',6'-diethyl-

2-hydroxy-2',6'-diethylacetanilide

and 2,6-diethylaniline

(VIII)

(VII),

were synthesized and

authenticated at the Gas Chromatography / Mass Spectrometry
Facility,

College of Food and Natural Resources,

University

of Massachusetts at Amherst.

Alachlor was obtained from

Monsanto Agricultural Co.(St.

Louis,

NADP,

glucose-6-phosphate,

transferase

(EC 2.5.1.18),

from Sigma Chemical Co.
2 was

from Oxoid USA

Difco Laboratories

MO).

glutathione,

Phenobarbitol,

glutathion S-

and dimethylbenzanthracene were

(St Louis,

(Columbia,

(Detroit,

MO).

MD).

MI).

Oxoid Nutrient no.

Bacto-agar was

from

Other reagents and

materials were obtained from common suppliers.

3.2 Bacterial Tester Strains.
strains TA98
Ph.D.,

Salmonella typhimurium

and TA100 were a gift of Prof.

Department of Biochemistry,

at Berkeley.
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Bruce Ames,

University of California

3.3 Animals.

Male and female CD-I mice,
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were obtained from Charles River Laboratories,
MA.

to 21 grams,
Wilmington,

The mice were housed in plastic tub cages and received

tap water and Purina Rodent Chow ad libitum throughout the
entire course of the experiments.

They weighed 25 to 35

grams when used in experiments.

3.4

Commercial

Immunoassay Kits.

was a gift of Agri-Diagnostics,
Assay Alachlor"

3.5
rats,

Medford,

"Alachlor 2.0"

Moorestown,

kit was a gift of Omicron,

"Enviroguard Alachlor Assay"
Corp.,

The

N.J.

The

Newtown,

kit

"RaPID

PA.

The

was obtained from Millipore

MA.

Preparation of Rat Liver Microsomes.
100-250 grams,

Male Long-Evans

were metabolically induced by

phenobarbitol exposure following the method of Marshall and
Mclean

(1969).

Their sole source of drinking water was

sodium phenobarbitol
sacrifice.

in tap water for seven days prior to

Purina Rodent Chow was available ad libitum up

to twelve hours before sacrifice.

Phenobarbitol

monitored daily for the induction period.

procedures were carried out at

All

subsequent

0-4 °C under sterile

Livers were excised and placed immediately in

pre-weighed beakers of sterile,
7.4,

intake was

Induced rats were

killed by stunning and cervical dislocation.

conditions.

0.1%

1.15% KC1.

0.01 M phosphate buffer,

Wet weight was determined,

were washed by transferring to beakers of
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pH

and the livers

fresh phosphate

buffer and gentle agitation 3

times

in succession.

Following transfer to a clean beaker containing 3 ml
phosphate buffer per gram tissue,

the livers were minced

with scissors and transferred to a Potter-Elvehjem
glass/Teflon homogenizer.

Five to seven strokes of the

Teflon pestle yielded a homogenate that was centrifuged at
9000 x g for 10 min.
centrifuged at

The supernatant was collected and

100,000 x g for 60 min.

The supernatant was

discarded and the pellet gently resuspended in fresh 0.01 M
phosphate buffer.
subsequent
P45O

This microsomal

fraction was used in

in vitro and Salmonella assays.

The cytochrome

content of the microsomal pellet was assayed using the

method of Omura and Sato

(1964).

A Shimadzu Spectronic 210

UV spectrophotometer was used for all determinations.
Carbon monoxide was gently bubbled through a 1:1 dilution of
microsomal

fraction in phosphate buffer for 10

sample was divided between two cuvettes,
"sample"

and the other

"reference."

recorded between 500 and 400 nm.

sec.

The

one labelled

A baseline spectra was

A few grains of

sodium

dithionate was added to the sample cuvette and the spectra
again recorded between 500 and 400 nm.

The cytochrome P450

content was determined using an extinction coefficient of
cm-1 mm-1.

91

The protein content of the microsomal pellet was

determined using the bicichoninic acid method with bovine
serum albumen as a standard

(Smith 1985).

Microsomal pellet

fractions were divided into 1.0 ml cryovials,
in dry ice,

and stored at

-80 °C.
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quick-frozen

Subsequent determination

of cytochrome P450

levels after storage indicated no

significant reduction,

3.6

even after several months.

In Vitro Metabolism with Phenobarbitol-Induced Rat

Liver Microsomes.

In a final volume of 1.0 ml,

compound in ethanol and 10% or 25%

(v/v)

10

/xl test

microsomal

fraction

in pH 7.4 phosphate buffer was incubated in the presence of
cofactors as described by Maron and Ames
5 mM glucose-6-phosphate,
for 60 min.

Control

8 mM MgCl2,

4 mM NADP,

(1983;

33 mM KCl)

at 37 °C

incubations were conducted in the

absence of NADP and with heat-denatured and CO-inactivated
microsomes.

The proteins were precipitated with ice-cold

methanol and the sample filtered via 0.45 11 filters
(Millipore)

for analysis by reverse-phase,

liquid chromatography
Waters

column at ambient temperature.

50% acetonitrile

in water flowing at

Detection was by UV at 254 nm.

3.7
test

The system consisted of a

6000 high-pressure pump and a 4.6 x 250 mm Dupont

Zorbax C18
was

(RP-HPLC).

high-pressure

1.0 ml/min.

Injection volume was

Salmonella/Microsome Assay.

format,

The mobile phase

The plate

10

incorporation

with microsomal preincubation as described by

Maron and Ames

(1983),

was used for all assays.

Salmonella

cultures were grown overnight at 37 °C to a density of
109

cells per ml.

Test compound

and microsomal preparation
for 30 min.

ill.

Top agar

(500

(2 ml)

(10 ill) ,

ill)

(100

were incubated at

was added,
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culture

1-2 x

ill),
37 °C

the tubes gently

vortexed,
plates

and the mixture poured onto minimal glucose agar

(Vogel-Bonner medium E,

were incubated for 48 h at
colonies.
assay,

2

% glucose).

37 °C,

The plates

then scored for revertant

The histidine requirement was confirmed in each

and complete genotype testing

rfa mutation,

uvrB mutation,

(histidine requirement,

R-factor,

pAQl plasmid)

was

performed four times during the course of thirty total
assays over two years.
Each assay consisted of
(0,
at

1,

10,

100,

1000

five doses of the test compound

ng/plate)

plus positive controls tested

four concentrations of microsomal preparation

10%,

20% v/v).

(0%,

4%,

The non-activation-dependant positive

control compound was 2,6-diethylnitrosobenzene.

Once the

mutagenicity of 2-chloro-2',6'-diethylacetanilide was
established,
control

it was used as an activation-dependant positive

in subsequent assays.

The zero dose treatment

consisted of test compound solvent
or ethanol).

The

(i.e.,

dimethyl

0.1 M

zero microsome concentration was

phosphate buffer and cofactors.

Each dose and microsome

concentration combination was run in duplicate
screening.

sulfoxide

for initial

Positive results were repeated in triplicate.

The criteria for mutagenicity adopted here is the
twofold rule".

For borderline data,

"modified

this criteria assumes

positive results only if an increase over background
reversion is

shown for at

least two concentrations,

least one concentration results
background rate

(Williams

1983).
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and at

in a doubling over the

3.8 Glutathione S-Transferase
activity of GST

(EC 2.5.1.18,

(GST)

Sigma)

Activity,

The

in a microsomal

preparation was verified before modifying the Salmonella/
microsome assay with the addition of this enzyme.
of a 4%

(v/v)

microsomal preparation,

chlorodinitrobenzene
(GSH,

2.5 mM)

by GST

(CDNB,

1 mM)

(1 unit)

the conjugation of

was monitored in a Shimadzu

Three experimental

controls were

EtOH);

3.)

no GSH;

3.9 Modification of
Glutathione
(final
20%
of

25 mM)

(v/v)
1000

340 nm for 5 min.

included:

1.)

no CDNB

(only

no GST.

Salmonella / Microsome Assay with

/ Glutathione S-Transferase.

cone.

2-

to reduced gluthatione

double-beam scanning spectrophotometer at

2.)

In 1.0 ml

and GST

Reduced glutathion

(2 units/plate)

microsomal preparation.

were added to a

This was used in an assay

fig/plate 2-hydroxy-2 ', 6 ' -diethylacetanilide with

strain TA100.

Similar plates,

with either an absence of GST

or heat-inactivated GST were used as controls.
inactivated by boiling for 60

s.

GST was

Plates were run in

triplicate.
Reduced glutathione

in the absence of exogenous GST was

also incorporated into assays to determine the ability of
endogenous microsomal GST to inhibit mutagenicity of 2hydroxy-2',6'-diethylacetanilide.
a 20%

(v/v)

Glutathione was added to

microsomal mix with mutagen

give a final concentration of 10,

25,

50

(1000

fig/plate)

and 100 mM.

assay was then run according to standard procedures.
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to

The

The above assay was repeated with the addition of
diethylmalate

(25 mM)

glutathion conjugate,

to inhibit

formation of mutagen-

thereby restoring mutagenicity.

3.10 Micronucleus Test.

The method of Hayashi

employed for the micronucleus test.

(1990)

was

The only modification

was the use of mixed sexes of mice instead of only males.
CD-I mice,

25 to 35 grams,

were injected intraperitoneally

with test compound dissolved in DMSO.

Experiments were

conducted in triplicate for dose groups of
500

/xg/g body weight.

(DMBA),

positive control at

80

100,

and

Concentrations were adjusted to limit

DMSO to 5 jul/g body weight.
benzanthracene

50,

A known clastogen,

(Salamone 1980)

dimethyl-

was used as the

/xg/g body weight.

Glass slides were coated prior to sampling by spreading
10

/xl of a 0.1% aqueous solution of acridine orange on warm

(65 °C)

slides with a glass rod.

temperature until use.
48,

Blood samples were taken at

and 72 h after injection.

snipping 1

These were stored at room
0,

24,

Blood was obtained by

-2 mm off the tip of the tail.

Five fil aliquots

of blood were smeared on the acridine orange coated slides.
The samples were covered with 24 x 44 mm coverslips.

No

fixative or sealer was used.
Examination of the slides was performed using a Zeiss
Standard 18

epifluorescence microscope.

consisted of a 455 nm excitation,
nm longpass emission filter.

The filter set

505 nm dichroic,

and 515

Observations were made at 400X
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magnification with an oil
Reticulocytes

immersion objective.

stained bright red-orange,

appeared bright yellow-green,
structure.

with counting restricted to phase

reticulocytes

(MNRET)

associated with the reticulum

One thousand cells were counted from each slide

preparation,
III

and micronuclei

(RET).

I,

II,

and

Micronucleated reticulocytes

were recorded as percentages of total RETs.

3.11 Cross-Reactivity of Commercially Available
Immunoasssav Kits.
with 10,

100

Cross-reactivity tests were conducted

and 1000 /xg/L aqueous

solutions of test

compounds by following directions accompanying each
immunoassay kit.

Samples were run in triplicate.

The

Ohmicron assay was read on an RPA-1 Photometric Analyzer
(Ohmicron,

Newtown PA).

Both Agri-Diagnostics and Millipore

assays were read with a UVmax microplate reader
Devices,

Menlo Park CA).

attain 50%

(Molecular

The concentration required to

inhibition of antibody-antigenic standard binding

in the competitive assay

(i.e.,

I50) /

was determined from a

standard curve of concentration versus absorbance.
Quantitation was through an enzymatic
horse-radish peroxidase).
450nm,

giving 50%

A50

=

color reaction

The absorbance,

measured at

inhibition was calculated as

[

0.5 (Absmax - At>Smin) 1
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+ Aksmin

(i.e.,

where Absmax and Absm-j_n were absorbance readings
high and zero concentration standards,

for the

respectively.

The

corresponding I50 was then read directly from the plot,
least detectable dose

(LDD)

was calculated as the

concentration resulting in at
A^)Ssample
reactivity

least

/ Abszero std > 90%) .
(% R)

% R -

10%

inhibition

The percent cross

was calculated as

(I50 alachlor /
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^50

sample)

x 100 •

(i.e.

The

CHAPTER 4

RESULTS AND DISCUSSION

4.1 Salmonella Assay

:

Bioactivation System.

The

degradation of alachlor occurs principally around the
nitrogen moiety.

The aromatic portion of the molecule is

more recalcitrant to further degradation.
therefore,

It

follows,

that bioactivation of alachlor would also likely

occur around the nitrogen.

The hepatic microsomal enzyme

system used in the Salmonella assay consists primarily of
cytochrome P450-based polysubstrate monooxygenases

(PSMOs).

This extensive class of xenobiotic biotransforming enzymes,
of which more than twenty human examples have been
characterized,

exhibits a range of oxidative activities to

various molecular structures

(Guengerch 1991).

Levels of

enzymes of particular activity can be enhanced through the
process of

induction,

which occurs as a response to subacute

and chronic levels of toxin exposure.

The production of

enzymes responsible for metabolism of that toxin is
increased,

although the molecular mechanisms responsible

remain unclear

(Goodmand 1990).

Because phenobarbitol
P450

is a known inducer of cytochrome

PSMOs active at nitrogen moieties

(Orrenius

1964),

this

treatment was expected to sensitize the Salmonella assay to
any possible oxidative metabolites of alachlor at the
nitrogen moiety.
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At the time of sacrifice,

phenobarbitol-induced rats

weighed 100-200 grams and had ingested an average 143
nig/kg/day of phenobarbitol.

Increases

protein,

content were observed

and cytochrome P450

+ 25

in liver weight,

(Table 1).

Table

1.

Phenobarbitol

Phenobarb.
Intake13
Control
Induced

Induction of Rat Liver Enzymes.a

% Liver
Weight0

0
143+25

Protein
Conc.(mg/g)

CytP450
(nmol/g)

5.6+.0.5

18.2.+2.9

13.44:5.3

9.0 + 2.7

33.34:5.7

39.64:16.9

aavg + SD, n=4 for controls and n=10
^mg/kg/day, avg + SD, n=9 rats.
°percent total body weight.

for induced rats,

The activity of the microsomal preparation was tested in

vitro for N-oxidizing or other arylamine-directed reactions,
before being included in the Salmonella assays.
to 2,6-diethylaniline,

two known promutagens,

aniline and 2-aminonaphthaline
microsomal

incubations.

(Fig.

4),

2-nitro-

were subjected to

Both promutagens require N-

oxidation for mutagenicity.

2-Nitroaniline was chosen to

represent a more water soluble compound,

and 2-amino-

naphthaline a more lipid soluble compound.
are membrane bound,

In addition

Since the PSMOs

it was reasoned that any differences

their ability to metabolize 2-nitroaniline and 2-aminonaphthaline would indicate the relative importance of
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in

partitioning into the lipid matrix.

Incubations

included

phenobarbitol-induced microsomal preparations and
appropriate cofactors as previously described.

Figure 4.
Promutagens used to authenticate the in vitro Noxidizing capacity of phenobarbitol-induced microsomes.

Table 2 presents the RP-HPLC analysis of the incubates.
A 1.0

/xg injection of 2,6-diethylaniline gave a single peak

with a retention time of 19.8 min.
same amount of

Preincubation of the

2,6-diethylaniline with a 25% preparation of

phenobarbitol-induced microsomes resulted in a peak response
31% of the standard.
of 4.8,

5.7,

respectively,

New peaks appeared at retention times

and 7.7 min,

representing 27%,

of the parent peak area.

1%,

and 22%,

These additional

peaks did not appear in preparations containing microsomes
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Table
Amine

2. Authentication of In Vitro Metabolism of Aromatic
Substrates by Phenobarbitol-Induced Microsomes.

Substrate
Standard3

Active
Microsomes
25%

2,6-DEA
19.8 (100)

2-NA
7.5 (100)

2-ANAP
9.9 (100)

Inactive
Microsomes

(v/v)

Heat

CO

19.7 (69)

19.7(31) b
7.7 (22)
5.7(1)
4.8 (27)

thus
of

assumed to

CO,

7.4(92)

10.1 (63)

10.1 (103)
8.6 (0.8)

10.1(69)
7.3 (2)
7.0(7)

4.9(0.5)

expected to have
the parent

or

in the

(% peak area

absence

represent microsomal

2,6-diethylaniline.
the

compound,
nm)

19.8 (67)

7.5 (69)

a2,6-DEA = 2,6-diethylaniline
2-NA = 2-nitroaniline
2-ANAP = 2-aminonaphthaline
bRP-HPLC retention times in min.
to substrate standard).

inactivated by heat,

19.7(69)

7.5 (84)

7.6 (72)
4.2 (15)

10.0 (21)
8.9 (2)
7.3(0.1)
7.0(0.1)
4.9 (2)

-NADP

of NADP,

and are

oxidative metabolites

the metabolites would not

be

same molar extinction coefficients

as

the
are

Since

relative

response

factors

different.

The

wavelength

(254

therefore,

should be viewed as

Microsomes

inactivated by heat,

cofactor yielded parent peaks

at

the

detection

area percents,

qualitative values
CO,

or an absence

approximately 70%
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of

only.
of NADP
the

standard,

with no additional peaks detected.

of parent compound,
metabolism,

The 30% loss

apparently not associated with

is likely caused by partition of compound into

the protein portion of the sample and subsequent loss during
filtration of the sample.
A 1.0

[ig

injection of 2-nitroaniline gave a single peak

with a retention time of

7.6 min.

A 25%

(v/v)

microsomal

incubation with the same amount of compound resulted in a
parent peak 72% of the standard,
(15% of

standard)

preparations.

and another peak at 4.2 min

that did not appear in inactivated

Parent compound recoveries

-NADP inactivated preparations were
respectively.
nitroaniline,

84,

for heat,

69,

CO,

and

and 92%,

An established mutagenic metabolite of 22-dinitrobenzene,

was not detected in the

chromatographic analysis of these incubations.
The

retention time of standard 2-aminonaphthaline was

9.9 min.

After incubation,

the activated microsomal

yielded only 21% of the parent compound.
chromatographic peaks appeared at 4.9,
min.,
peak.

fraction

Additional

7.0,

7.3,

and 8.9

with a total area less than 5% of the standard parent
The 4.9 and 8.9 min peaks also appeared in the C0-

inactivated microsomal preparation,

but at

the amount of the activated system.

less than half

This may indicate

metabolism of 2-aminonaphthaline that

is

not dependant on,

The 7.0 and 7.3 min

microsomal action.

facilitated by,

peaks appeared in the NADP depleted microsomes,

at

levels an

order of magnitude greater than for the active system.
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but

These compounds therefore cannot be considered microsomal
metabolites of 2-aminonaphthaline.
recoveries
69%,

Parent compound

for inactivated microsomes were 63%,

103%,

and

respectively.

These results substantiate that a significant amount of
oxidative metabolism was occurring in the phenobarbitolinduced microsomal preparations.

Retention times

for

metabolite peaks were in all cases less than that of the
parent compound.

For the RP-HPLC system being used,

this

reduction in retention time indicated that they were more
polar than the parent compound.
microsomal

Incubations that were 25%

fraction showed proportionally higher metabolism

than did those that were 10% microsomes
Heat

(untabulated data).

inactivated microsomes produced no metabolites.

Together these results corroborate an enzymatic,
chemical,

rather than

degradation of these N-containing compounds.

There was greater activity towards 2-aminonaphthaline,

the

more lipophilic model compound,

than towards 2-nitroaniline,

the more hydrophilic compound.

This demonstrates the

importance of

substrate partitioning,

into the microsomal

lipid matrix,

to metabolism by the membrane-bound PSMOs.

The lipophilicity of alachlor's environmental degradative
products will

likewise determine the extent of their

bioactivation by PSMOs.
Some expected metabolites were not detected

(e.g.,

2,6-

diethyl-nitrosobenzene from 2,6-diethylaniline and
dinitrobenzene from 2-nitroaniline).
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These compounds have

been identified as mammalian bioactivation products

in in

vivo assays.

for

The biological conditions responsible

their activation cannot be reproduced exactly in vitro,
the

and

fact that they were not detected may reflect the

limitations of an isolated in vitro system,

discussed

previously.

4.2

Salmonella Assay

:

Mutagenicity Determination.

environmental degradation products of alachlor,
have been identified in groundwater,

all of which

were evaluated for

mutagenicity with the Salmonella/microsome assay.

They were

2-hydroxy-2',6'-diethyl-N-methoxymethylacetanilide,
diethylacetanilide,

3 2.5

(Fig.

5).

2-hydroxy-2 7 , 6 7 -diethylacetanilide and 2were mutagenic to strain

Reversion rates of the TA100

strain were

and 3 5.0 His+ revertants/ptmole for 2-hydroxy-

chloro-27,67-diethylacetanilide,
nitrosobenzene was
(Fig.

7).

/imole,

is

respectively.

Reversion rates were 233

respectively.

and 2688

and TA100

revertants/

Background reversion for TA10 0 was
95

to 150

colonies per plate.

in agreement with published values of 46

colonies per plate.

and 2-

2,6-Diethyl-

strongly mutagenic to both TA98

consistently in the range of
This

2,6-diethyl-

were also evaluated.

chloro-27,67-diethylacetanilide,
TA100

2-

and 2,6-diethylaniline.

Alachlor and a putative mammalian metabolite,

Two products,

2,6-

2-chloro-27,67-diethylacetanilide,

hydroxy-2 7 , 6 7 -diethylacetanilide,

nitrosobenzene,

Five

to 184

Background reversion for TA98 was
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20

to

36

colonies per plate,

with published values of

5

to 63

(Maron 1983).
2-Chloro-2' , 6'-diethylacetanilide produced statistically
significant

(p<0.05,

t-test;

modified twofold rule)

reversion of TA100 over controls at
/xg/plate
of 35.0

(Fig.

top panel) ,

(v/v)

Reversion was enhanced by,

microsomal activation,

mutation occurred at

100,

absence of microsomes.

as

1000,

and 5000

with a maximal reversion rate

revertants//xmole due to a 20%

preparation.
on,

5,

100,

microsomal

but not dependant

statistically significant

1000,

and 5000

/xg/plate

Although 2-chloro-2',6'-

diethylacetanilide was very soluble

in the DMSO carrier,

some precipitation of compound was observed at the
5000
mix.

in the

1000

and

fxg levels when added to the aqueous culture/microsome
Upon addition of the 45 °C top agar,

partially redissolved.

the precipitate

The solubility limitations of

this

compound may indicate that the reversion rates reported are
low estimates because cellular absorption of compound may
have been limited due to precipitation.

Alternatively,

the

precipitation may have resulted in some bacteria being
exposed to lethal doses.

This also would decrease the

reversion rate by decreasing the number of

living cells able

to undergo a mutation event.
2-Hydroxy-2',6'-diethylacetanilide produced statistically
significant

(p<0.05,

t-test;

bioactivation-dependant
revertants at

modified twofold rule),

increases

in the number of TA100

100 and 1000 \ig of compound per plate
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(Fig.

5,

Figure 5.
Reversion of strain TA100 due to 2-chloro-26'diethylacetanilide (top panel), 2-hydroxy-2' ,6 -diethylacetanilide (middle panel), and 2,6-diethylacetanilide
(bottom panel), at 0%, 4%, 10%, and 20% (v/v) microsomal
preparation.
Arrows indicate values statistically
significant from controls (p<0.05, t-test, n=5).
'
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io

100

1000

2,6-Diethvlacetanilide

Dose

(ug/plate)
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Microsomal Concentration

His+ Revertants

1

(v/v)

2-Hvf|roxv-2',6'-diethvlacetanilide

/

Plate

2-Chloro-2',6'-diethylacetanilide

middle panel).

The maximum reversion rate was 32.5 His+

revertants//xmole.
(v/v)

Microsomal concentrations of

showed proportional

while the 4%

(v/v)

10

and 2 0%

increases over control values,

concentration was

insufficient to result

in increased reversions over background rates.
2,6-Diethylacetanilide also reverted TA100
bottom panel).
significant
(1000

However,

(p<0.05,

/zg/plate)

concentration

reversion was

t-test)

(Fig.

5,

statistically

only at one of the tested doses

and at only the highest microsomal

(20% v/v).

the twofold rule.

It

This data therefore does not meet

is mentioned here because of its

relation to 2-hydroxy-2 7,6'-diethylacetanilide and 2-chloro2',6'-diethylacetanilide,
secondary acetanilides.
of mutagenicity.
increases

namely that all three are

This may shed light on the mechanism

The overall

in the order 2,6-diethylacetanilide <

2',6'-diethylacetanilide <
anilide.
groups

2-hydroxy-

2-chloro-2',6'-diethylacet¬

The strength of the acetyl moieties as leaving

follows

acetanilide)
-Cl

level of mutagenicity

<<

in the same order,
-OH

namely -H

(2-hydroxy-2',6'-diethylacetanilide)

(2-chloro-2',6'-diethylacetanilide).

are removed by homolytic cleavage,
produced.

Electrophiles

macromolecules,

(2,6-diethyl¬
<

If these moities

electrophilic species are

in turn interact with nucleophilic

most notably DNA and RNA,

resulting in

alkylated or otherwise structurally altered forms

(Williams

1986).

The action of these compounds as toxic electrophiles

is thus

implicated.
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The glutathione S-tranferases

(GSTs)

are a family of

detoxifying enzymes with a wide range of activity
1978).

One important

function of GST is the conjugation of

electrophilic species with glutathione
polar,

(Jakoby

excretable products.

(GSH),

resulting in

If the two mutagenic

degradation products of alachlor are indeed acting as toxic
electrophiles,

then the addition of a GST/GSH conjugating

system to the Salmonella assay would inhibit their
mutagenicity.
Initial experiments were run to determine that exogenous
GST was active when added to the microsomal preparation used
in the assay.
(CDNB),

The conjugation of 2-chlorodinitrobenzene

a known GST substrate,

determined.

was

These determinations

spectrophotometrically
indicated that the

microsomal preparation contained measurable
Control experiments verified that
not occurring

(i.e.,

endogenous GST.

spontaneous hydrolysis was

the conjugation was truly occurring by

the action of the endogenous GST)

If so,

simply adding GSH

to the standard assay would inhibit mutagenicity
mutagens would be activated by the microsomal
electrophilic

species,

(i.e.,

the

PSMOs to

but then be conjugated by microsomal

GST to exogenous GSH before they could cause mutations).
When GSH was added to an assay of 1000

/xg/plate of 2-

hydroxy-2',6'-diethylacetanilide with strain TA100,
effect was observed
(ca.

2 units/plate)

(Fig.

6).

this

The addition of exogenous GST

did not greatly affect the
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inhibition

rate,

presumably because of a far greater titer of the

endogenous enzyme.

Figure 6. Effect of glutathion addition on the reversion of
TA100 due to 1000 ^tg/plate 2-hydroxy-26' -diethylacetanilide

Strain TA100 detects base-pair substitutions.
reasoned that 2,6-diethylacetanilide,
diethylacetanilide,

It

can be

2-chloro-2' , 6'-

and 2-hydroxy-2',6'-diethylacetanilide

covalently bind to DNA and prevent proper base pairing at
the mutation site.
strain TA98
mutagens,

These compounds were not mutagenic to

(Table 3).

This strain detects

which are typically planar,

that bind to DNA base pairs,

frameshift

polycyclic molecules

stabilizing deformations

in the

DNA molecule that lead to mutation.

The lack of response of

TA98

in keeping with their

to the compounds

non-planar,

in question is

monocyclic structure.
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Table 3.
Reversion of Strain TA98 Due to 2-Chloro-2',6'diethylacetanilide, 2-Hydroxy-2#,6'-diethylacetanilide, and
2,6-Diethylacetanilide
Dose
(/*g/plate)

Number of TA98 His+ Revertants
Microsomal Preparation3
4%

+ SD

10%

20%

2 9+2
2 9+2
3 3 +1
32 + 1
22 + 3

nt
nt
nt
nt
nt

24+4
3 0+2
24 + 8
25 + 5
27+4

2 5+1
16 + 3
31 + 5
32+2
25+4

24+4
2 7+4
18 + 0
2 7+2
2 6+2

18 + 3
23 + 0
2 0+1
2 6+4
19+2

25 + 2
27 + 5
18 + 3
2 8 +1
2 6+4

2 0+5
23+2
2 9+6
22+4
18 + 3

2-chlori-2',6'-diethylacetanilide
1000
100
10
1
0

31+2
2 9+2
2 7+3
3 3+3
3 5+2

31 + 1
33+4
2 8+2
2 5+4
34 + 2

2 -byM~oxv-2 ' , 6 ' -qiethvlafeetanilide
1000
100
10
1
0

2 6+1
2 9+4
2 7+2
2 8+0
2 8+7

2,6-diethyylacetanilide
1000
100
10
1
0

15 + 3
17+4
22 + 0
19±3
19 + 2

a % v/v microsomal preparation
k nt = not tested
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2.6- Diethylnitrosobenzene was strongly mutagenic to both
TA98 and TA100 in both the presence and absence of
activating microsomes

(Fig.

7).

The maximal reversion rate

for TA100 was 2688 rev//xmole with activation and 1915 rev/
/xmole without.

At low doses,

higher reversion rates

occurred with no microsomal preparation.

This may indicate

deactivation of this compound by microsomal PSMOs at low
levels.

Alternatively,

simple partitioning of the mutagen

into the microsomal lipid matrix may have offered some
protection from mutagenicity.
were 233 rev//xmole with,
activation.

The reversion rates for TA98

and 132 rev/jLtmole without

The same phenomenon of higher mutagenicity

without activation was observed.

2,6-Diethylnitrosobenzene

has been reported to exist in solution as a mixture of
monomeric and dimeric forms

(Wratten 1987)

which may account

for its generality in inducing mutagenesis.
monomeric form,

In its

the free nitroso moiety gives the molecule

the functionality of an alkylating point mutagen,
from its effect on TA100.
form the dimer.

as evident

Two nitroso groups can react to

This eliminates the alkylating

functionality of the monomer but forms a large bicyclic
molecule that can intercalate into DNA.

Mutagenicity to the

frameshift-sensitive TA98 supports this idea.
2.6- Diethylaniline was not mutagenic to either TA98 or
TA100

(Table 4).

If this compound is indeed a precursor to

the mutagenic 2,6-diethylnitrosobenzene,

then it would be

expected to show some mutagenicity under the influence of a
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Figure 7.
Reversion of strains TA98 and TA100 due to 2,6diethylnirosobenzene at 0% and 10% (v/v) microsomal
preparation.
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9000
8000

Microsomal Concentration

TAlOO

6000

(v/v)

Hist Revertants

/ Plate

TA98

5000

dP

7000

4000
3000

2000
1000

0

Dose

(ug/plate)
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proper bioactivation system.
induced,

Although the phenobarbitol-

cytochrome P450-based PSMOs were expected to

accomplish this transformation,
metabolizing enzyme systems,
flavin monooxygenases,

other xenobiotic

such as the N-oxygenizing

should be explored to further clarify

the mutagenic potential of this environmental contaminant.
Alachlor itself and another degradative product,
hydroxyalachlor,

were not mutagenic to either TA98 or TA100,

with or without activation

(Table 4).

Table 4.
Reversion of Strains TA98 and TA100 Due to
Alachlor, Hydroxyalachlor, and 2,6-Diethylaniline
Number of His+ Revertants + SD
TA98
TA10 0
Dose
(/xg/plate)

+MPa

-MP

Alachlor
1000
100
10
1
0

2 8+4
2 9+2
2 9+4
31+4
2 0+1

22 + 1
21 + 2
2 9+1
3 0 +2
25 + 6

150 + 0
171+21
158+11
130 + 9
161 + 5

154 + 9
126 + 5
147+4
150+4
154+20

Hvdroxyalachlor
1000
100
10
1
0

27 + 6
27+0
3 9+3
26 + 5
3 0+5

21+2
21+3
21+5
15 + 5
19+2

99+6
104 + 3
93 + 6
93+2
108+4

toxic
99 + 13
128 + 5
107 + 0
111+15

2,6-Diethvlaniline
1000
100
10
1
0

toxic
25+2
22 + 5
28+3
24 + 0

toxic
26+0
25 + 5
2 5+6
21+4

127 + 1
121+20
113+16
111+36
107+18

94 + 6
102 + 2
85 + 6
8 8+4
81+4

+MP

-MP

a+MP/-MP = with/without 20% (v/v) microsomal preparation.
Data shown for high microsomal concentration only.

52

4.3 Micronucleus Test.
two primary mechanisms:
genesis.

1.)

Genotoxicity may occur through
mutagenesis and 2.)

clasto-

While mutagenesis refers to small changes

nucleic acid sequence in the DNA,

in

clastogenesis describes

gross changes or damage to the chromosome as a whole.
compounds that are mutagenic are also clastogenic

Many

(Jenssen

1980) .
2-Chloro-2',6'-diethylacetanilide,
diethylacetanilide,

2-hydroxy-2',6'-

and 2,6-diethylnitrosobenzene were

evaluated with the micronucleus test to determine
were also acting at the chromosomal level
Alachlor was also tested.
induced the

(Table 5).

None of the compounds tested

formation of micronuclei above control

even at near-lethal doses.

levels,

Administration of the high dose

resulted in acute toxic responses in the test mice
rapid onset of convulsions that

lasted from 20

followed by collapse and immobility that
hours).

if they

(i.e.,

to 40 minutes

lasted up to 24

Those mice that did not die recovered fully by the

end of the third day.
induce micronuclei

The

failure of these compounds to

formation at a range of doses including a

near lethal dose indicates that their genotoxic effects are
limited to the gene-locus or

"point"

by the Salmonella assay.
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mutations demonstrated

Table 5.
Frequency of Micronucleated Mouse Reticulocytes
Due to Alachlor and Selected Degradation Products.a
High Dose
-

Untreated
DMBA(control) b

80

\ig/g

24 hb

48 h

72

h

0.20+0.14c

0.2 0+^0.28

0.10+0.14

0.35+0.10

2.00+0.95

2.6 0+^0.5 8

CDA

500

0.10+0.10

0.43+0.25

0.10+0.10

HDA

500

0.23+0.15

0.20+0.10

0.25+0.07

DENB

100

0.15+0.10

0.08+0.10

0.00

Alachlor

500

0.30+0

0.15+0.07

0.45+0.21

aResults are tabulated for the high dose only: no doseresponse relationship observed.
^Hours after intraperitonial injection in DMSO carrier.
c(MNRET/RET)xlOO; 3000 cells counted (3 animals x 1000
cells/animal).
aDMBA, dimethylbenzanthracene; CDA, 2-chloro-2',6'diethylacetanilide; HDA, 2-hydroxy-26'-diethylacetanilide; DENB, 2,6-diethylnitrosobenzene.

4.4

Immunoassay Cross-Reactivity.

Three commercially

available alachlor immunoassay test kits were evaluated for
cross-reactivity to environmental degradative products of
alachlor.

With the exception of hydroxyalachlor

negligible cross-reactivity was observed
Hydroxyalachlor cross-reacted by 39.4%
and by 40.5%

(Table

(II) ,
6).

in the Ohmicron assay

in the Agri-Diagnostics assay.

A cross¬

reactive response was also observed in the Millipore kit,
but the extreme slope of the concentration vs.

response

curve prevented an accurate determination of the
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I50 an(^ ^R-

Table 6. Cross-Reactivity of Alachlor Degradative Products
to Commercially-Available Immunoassay Kits.
%Cross Reactivity

150(ppb)

LDD(ppb)

100
39.4
0.3
<0.1
<0.1
<0.1

0.73
1.85
250
>1000
>1000
>1000

0.05
0.33
90
1000
100
1000

100
40.5
0.4
<0.2
<0.2
<0.2

1.7
4.2
420
>1000
>1000
980

100
>4.8
<0.0 .5
<0.05
<0.05
<0.05

0.48
<10
>1000
>1000
>1000
>1000

Ohmicron
Ia
II
VI
IV
VII
VIII
Acrri-Diacrnostics
I
II
VI
IV
VII
VIII

0.50
10
100
1000
1000
100

Millioore
I
II
VI
IV
VII
VIII

0.50
<10
1000
1000
1000
1000

aI, alachlor; II, 2-hydroxy-2 7,6'-diethyl-N-methoxymethylacetanilide; IV, 2,6-diethylacetanilide; VI, 2-chloro2',6'-diethylacetanilide; VII, 2- hydroxy-2', 6' diethylacetanilide; VIII, 2,6-diethylaniline.

The cross-reactivity of hydroxyalachlor can be explained
in terms of the protein-hapten conjugate used to raise
antibodies against the target analyte alachlor.

Conjugate

synthetic pathways are considered proprietary information by
manufacturers of
literature

immunoassay technology.

(Feng 1990)

However,

indicates that the most
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available

facile and

common method of
chlorine atom

linking alachlor to protein is through the

(Fig.

8).

Figure 8 also illustrates that the

only variation between the two compounds is therefore at the
region least

involved in antibody recognition.

The other

degradative products evidently contain enough variability
around the nitrogen moiety to preclude any cross reactivity.

Alachlor hapten-carrier protein

conjugate

Hydroxyalachlor

Alachlor

Figure 8.
Alachlor-protein conjugate used in production of
anti-alachlor antibodies, and structural similarities of
alachlor and hydroxyalachlor.
Outlined portions of the
molecules bind to antibody.
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Commercially-available immunoassay technology for the
detection of environmental residues of alachlor will also
detect

some environmental degradative products of alachlor.

This cross-reactivity is reflected in the positive bias of
alachlor residue levels determined by immunoassays,

as

compared to those measured by traditional chromatographic
methods.

However,

not cross-reactive,

two mutagenic degradative products are
and so are not detected.

Because

immunoassay technology is used primarily to screen
environmental
limit more

samples

for pesticide residues,

in order to

involved testing to a smaller sample set,

screening in this way may cause toxicologically important
degradative products of alachlor to pass unnoticed.
the lack of

Thus,

immunoassay technology directed specifically at

the degradative products of alachlor limits the environ¬
mental

fate profile of this herbicide.
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CHAPTER 5

CONCLUSIONS

The environmental,

primarily microbial,

the herbicide alachlor results
aromatic amine compounds.

degradation of

in a variety of

secondary

Two of these products,

2-hydroxy-

2 ' , 6'-diethylacetanilide and 2-chloro-2',6'-diethylacetanilide,

are mutagenic in the Salmonella/microsome assay.

Their mechanism of action is proposed to be through PSMO
activation to electrophilic species that
to form point mutations.

interact with DNA

Other mechanisms may also be

responsible for their activation,

since 2-chloro-2',6'-

diethylacetanilide could also cause mutations without
microsomal activation.

These compounds do not exhibit any

clastogenic activity.
Both mutagens are chemically amphipathic,

are mobile

in

the environment,

and have been detected in groundwaters and

surface waters.

Hundreds of millions of pounds of alachlor

have been and continue to be applied to croplands worldwide.
Environmental monitoring for residues

in soil,

groundwater,

and surface waters has focused on the parent compound
alachlor.

Testing has not addressed degradation products to

any appreciable degree.
2.)

Given 1.)

its lack of mineralization,

alachlor's extensive use,

and 3.)

its detection in

groundwater and surface water in the low part per billion
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range,

it

is reasonable to assume that a substantial

quantity of degradation products,
mutagenic,

are present

including two that are

in the environment.

This

should be

of concern regarding chronic human exposure to these
mutagens.
Immunoassay technology used in the environmental
monitoring for alachlor does not detect
degradative products.
relative

incidence,

its mutagenic

Future research should address the

movement,

and persistence of 2-hydroxy-

2 ' , 6 '-diethylacetanilide and 2-chloro-2',67-diethylacetanilide

in the environment.

Immunoassays directed

specifically at these mutagens will assist
Likewise,

in this endeavor

further studies on the exact mechanism of

bioactivation and mutagenesis will determine whether other
chloroacetanilide herbicides might also pose the same risks
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